The first principles density functional theory (DFT) is applied to study effects of molecular adsorption on optical losses of silver (111) surface. The ground states of the systems including water, methanol, and ethanol molecules adsorbed on Ag (111) surface were obtained by the total energy minimization method within the local density approximation (LDA). Optical functions were calculated within the Random Phase Approximation (RPA) approach. Contribution of the surface states to optical losses was studied by calculations of the dielectric function of bare Ag (111) surface. Substantial modifications of the real and imaginary parts of the dielectric functions spectra in the near infrared and visible spectral regions, caused by surface states and molecular adsorption, were obtained. The results are discussed in comparison with available experimental data.
I. INTRODUCTION
The effects of metallic surface states and molecular adsorption on the atomic surface structure and electronic properties of transition metals is extensively discussed in literature (see e. g. Refs. 1-4 and references therein). The silver based metallic nanostructures are actively studied for numerous applications of modern nanotechnology such as nanophotonics and nanoplasmonics 5 . It has been demonstrated before that electronic surface states on metallic surfaces substantially contribute to the bonding of physisorbed atoms and molecules 4 and to their optical absorption spectra 5, 6 . The semi-classical approach developed by Persson 6 using Drude model and modified by Pinchuk et al. 5 clearly demonstrated increasingly important contributions of the surfaces states on optical absorption spectra of metallic nanoparticles with descrease of their size.
Reduction of optical losses in nanostructured materials is one of the most important issues affecting successful engineering of different optoelectronics photonics devices. Optical losses of materials are determined through the imaginary part of the dielectric function (Im(ε)) 7 . Though losses could be compensated through external gain, another possibility is the modification of electronic structure of metallic nanoparticles by chemical adsorption on the surfaces. However, this approach requires detailed understanding of electronic processes accompanied by chemical adsorption on a microscopic scale.
Recently using the first principle modeling we predicted the effect of the surface states on the dielectric function spectra (ε(ω)) of the nanometer-thick silver films 8 . It has been shown that a decrease of the silverslab thicknesses resulted in substantial increase of the Im(ε) due to the surface state contributions. Independently, these predictions have been confirmed experimentally by Drachev et al. 9 by simultaneous measurements of reflectance and transmittance of differently shaped silver nanostructures. They show that the dramatic increase of Im[ε(ω)] for both TE and TM light polarizations is due to the decrease of characteristic dimensions of the silver-based nanostructures; agreeing well with our predictions 8 .
In the present work, we study physical and chemical processes affecting optical losses of silver surfaces that substantially contribute to the optics of metamaterials (the artificially fabricated nano-materials 9 ). The adsorption of water, ethanol, and methanol on silver nanofilms is studied by first principle density functional theory (DFT). These systems are widely used in modern nanotechnology and nano-physics 2, 3, 9 . Contribution of the surface states to optical losses is studied by calculations of the imaginary part of the dielectric function for metallic slabs of different thickness. We obtained substantial modifications of the optical function of metallic nanoslabs in the near infrared and visible spectral regions that are discussed in comparison with literature.
II. METHOD
Typical metallic nanoparticles are much bigger in size than the molecules studied. Consequently the interactions of small molecules with the nano-particles can be studied using widely used model of the surface physics: molecule on an atomic slab 10 . Equilibrium atomic structures of silver surfaces with organic molecules are obtained from the total energy minimization method within DFT using ab initio (gradient-corrected) functionals 11, 12 . The basis functions are given numerically as values on an atomic-centered spherical-polar mesh, rather than as analytical functions (i. e. Gaussian orbitals), as implemented in the DMol 3 package 13 . We employ the supercell approach to model the surface; our unit cell is a slab consisting of seven monolayers of Ag (111) − √ 3 × √ 3, of which the top three layers were allowed to relax. A Monkhorst Pack mesh of 6 × 6 × 1 k-points was used to sample the Brillouin zone. Explicit tests were performed to verify that the results were converged for the parameters given above.
The electronic structure and optical properties of the system were then calculated using ab initio normconserving (NC) pseudopotentials (PP), as implemented in the CASTEP package 13 . The eigen value problem was solved using the first principle PP method with NC-PP choosing energy cut-off values up to 1000eV. The cutoff energy of 550eV was chosen for NC-PP to ensure reliable convergence of predicted optical data. Choice of pseudopotentials (ultrasoft or norm-conserving) does not significantly affect the results. Exchange and correlation (XC) interaction is modeled using the PerdewBurke-Ernzerhof formalism 15 . A Monkhorst Pack grid of 6 × 6 × 1 was used to sample the Brillouin zone, just like for DMol 3 , yielding well converged results. Calculated self-consistent eigen energies and eigen functions are used as inputs for optical calculations. Within its penetration depth beneath the surface, the incident light field (E(ω)), at frequency ω, induces a linear optical susceptibility function χ (1) :
The function χ (1) is then used to determine the complex dielectric function (ε = ε 1 + iε 2 ) through the linear optical susceptibility: ε = 1 + 4πχ (1) . Within the Random Phase Approximation (RPA) the function ε is given by 16 :
where indices c, v run over conduction (empty) and valence (filled) electron states, respectively. The spectral function F cv (ω, k) at the incident light frequency ω is given by 16 :
The normalization quantity Ω 0 has dimension of volume in direct space. The ε represents the local part of the dielectric function. In this study we did not include non-localities due to the local field effect. Note that Eqs. (2) and (3) represent an effective value for the dielectric function averaged over different tensor component of ε α,β (where α, β = x, y, z) in direct space. A more detailed explanation can be found in 16 . The stability of various equilibrium configurations is judged by the adsorption energy. The adsorption energy per molecule is defined as the difference between the total energy of the adsorption system and the energies of the isolated components, namely the clean substrate and the adsorbate, divided by the number of adsorbed molecules N per unit cell:
III. RESULTS AND DISCUSSION
Realistic modeling of optical functions of solid surfaces and interfaces still remains challenging for the first principle theories 17 . As a first step it requires reliable reproduction of the ground state of the material (equilibrium atomic geometry) by minimizing the free energy. As a next step optical properties could be calculated using the optimized geometry as an input. Description of excited states, which could be in good agreement with experiment, normally requires inclusion of local field, many-body (excitons) effects, and probably other nonlocal contributions 18, 19 . This makes theory much more complicated than frequently used independent particles approach (or Random Phase Approximation, RPA). In this work we focus on relative changes of electron energy structure and optical response caused by molecular adsorption on Ag (111) surface, which could be realistically described without inclusion of many-body effects in optics 18, 20 . As such we chose to calculate the dielectric function spectra within the RPA employing normconserving pseudopotentials 21 .
A. Equilibrium geometries Table I lists the adsorption energies E ads , per molecule, as calculated by Eqn. 4 and the optimized structural parameters of the adsorbates on the surface. Atomic relaxation of water on transition metals has been studied both theoretically and experimentally [1] [2] [3] 22, 23 . Two different atomic geometries of water molecules physisorbed on Ag (111) surface are predicted: with hydrogen up and down. Our predicted geometries of physisorbed water molecules on Ag (111) surface agree, for the most part, well with those reported in Refs. 3 and 22 where a similar theoretical framework was used. The H 2 O-up and H 2 Odown geometries are shown in Fig. 1a and b, respectively.
We also studied the effect of water molecule dissociation on optical properties of silver. At room temperature the reaction H 2 O − − HO -+ H + occurs spontaneously. The proton is then free to enter into reaction with the surface. For a single water molecule adsorbed on a closedpacked Ag (111) surface the distance between the oxygen and the host Ag atoms, the O−Ag distance, of 2.78Å was reported in Ref. 22 . Once enough H 2 O molecules are added to the system to form hexamers on the surface, the molecules form an ice-like structure. For a single bilayer of H 2 O adsorbed on the surface, the zig-zag configuration of ice isn't as pronounced, as for water molecules not in contact with the surface. Our oxygen-silver surface distances can be found in Table I . The water hexagons are slightly irregular as can be seen in Figs. 1a,b. The shift is much more pronounced in the H 2 O-up configuration. This asymmetry of the hexagonal structure of water molecules was previously reported for Ru{0001} 22 . Once one of the hydrogen is desorbed, see Fig. 1c , the remaining OH molecule shifts much closer to the surface and the water hexagonal structure becomes even more irregular. Though the average surface height doesn't change very much, see ∆Ag in Table I , the individual silver atoms on the surface do move quite a bit more. This can be seen clearly in the side view of Fig. 1b . Another observation is that the water molecules that do not lose their hydrogens are not oriented parallel to the surface, they are tilted with an angle of 7.69
• . We report a negative adsorption energy of -0.1876eV, as predicted by DMol 3 , indicating the stable structure. This is contrary to what was reported in Refs. 22 and 23. Previously, we carefully compared equilibrium geometries predicted by CASTEP and DMol 3 with different molecules 20, 24 and showed that the use of localized basis in DMol 3 is beneficial in terms of prediction of stable geometries. Consequently equilibrium molecule-surface distances predicted by LDA DMol 3 method better agree with those generated by VASP package including van der Waals contributions 25 and agree much better with experiment. Methanol (CH 3 OH, Fig. 1d ) and ethanol (CH 3 CH 3 OH, Fig. 1f ) adsorb very similarly on the surface of silver (see Table I ). Once the O-H bond is broken, the molecules rotate to bring the oxygen closer to the surface, however, the molecules also shift on the surface and position themselves such that the oxygen is between three Ag surface atoms. It is important to note that although a stable configuration was found with the O-H bond broken for both methanol and ethanol, those configurations are metastable at best. Both methanol and ethanol (CH 3 OH-dsc and CH 3 CH 2 OH-dsc) have positive adsorption energies. One can speculate however, that the van der Waals force correction may remarkably modify the adsorption energies 25 thus yielding stable configurations for dissociated configurations of both methanol and ethanol.
B. Dielectric function and optical losses
Optical losses of a system are proportional to the imaginary part of dielectric susceptibility function, (Im(ε)) 7,10,26 . Here we discuss the Im(ε) spectra calculated according to Eqs. 2 and 3 for 7 monolayer thick Ag (111) slab with and without different adsorbed molecules. We also compare these results with the experimental data for bulk Ag 27 . First, the predicted optical spectra for bare Ag (111) surface are considered. Without quasi-particle correction the predicted Im(ε) LDA data calculated for a slab with experimental lattice constant shows a remarkable red shift in comparison with experiment. The LDA method used in this work produces compressed lattice of bulk Ag. Effect of lattice compression on electron energy structure results in blue shift of optical spectra 28 thus improving a comparison with experiment as demonstrated in Fig. 2 .
Optical excitations from the surface states are responsible for the calculated increase of Im(ε) of Ag-slab in visible and near infrared optical range with respect to bulk (see Im(ε) data between 1 to 2.5 eV in Fig. 2) .
In order to understand the nature of predicted changes in the spectra of Im(ε) the projected density of states (PDOS) spectra are calculated for the systems studied. Details of the calculations of PDOS are described in Ref. 16 . Our previous analysis of calculated band structure and PDOS of the Ag-slab (without molecules) 8 indicated substantial contributions of surface electron energy states which are in resonance with the bulk electron states and caused redistribution of the resulting density of states. In this paper we present the PDOS spectra analysis and focus on the effects on PDOS caused by the molecular adsorption.
Optical transitions between the occupied states and Fermi surface are responsible for the predicted substantial increase of the Im(ε) spectra of Ag (111) surface as compared with bulk in the near infrared region as demonstrated in Fig. 2 . The transitions between the occupied states near −1.6 eV and Fermi level are responsible for the calculated shoulder at 1.55 eV in Im(ε) spectra of bare surface, as shown in Fig. 2 .
Crystal truncation results in a predicted redistribution of charge between 4d -and 5s-orbitals causing effective energy shift of the 4d -orbitals towards lower energies (see Fig. 2 ). Based on the PDOS data analysis we can state that predicted modifications of the Im(ε) spectra of Ag (111) surface with respect to bulk are caused by surface-to-bulk and bulk-to-surface optical transitions. This conclusion is in the alley of previously reported analysis 29 , thus confirming bulk-to-surface nature of relevant electron transitions. Optical features predicted on Ag (111) above 3.5 eV are characterized by bulk electron transitions with minor contributions of the surfaces electrons.
Molecular adsorption substantially modifies spectra of Im(ε). In this work we study the effect of molecular dissociation on the Ag (111) surface. At room temperature most solutions contain dissociated molecules which could interact with the surface states 10 . In Fig. 3 we present the effects of molecular adsorption on the calculated PDOS spectra of a Ag (111) film. On the bare Ag (111) surface the electron energy structure is substantially modified as compared to the bulk Ag. Molecular adsorption on the crystal surface and atomic structure relaxation resulted in substantial overal increase of DOS related to the 5s-and 4p-orbitals as shows in Fig. 3 . We observed at least two pronounced PDOS 5s-peaks located near −0.4 and −1.6 eV (occupied states) on Ag (111) surface as well as energy increase of both 5s-and 4p-unoccupied states in the region between 0 and 4 eV. No substantial differences between surface and bulk of the 4d -unoccupied PDOS has been observed. Analysis of the PDOS spectra shows that changes of molecular orientations on Ag (111) surface result in modifications of mostly unoccupied p-electron states around 1.6 eV and higher. The Im(ε) function spectra calculated in visible and near infrared spectral regions are shown in Fig 4 .
In order to understand the effect of molecular dissociation on optical losses of the Ag (111) surface we calculated molecular configurations after the dissociation of a hydrogen atom from all molecules considered here. Geometry optimization study indicates that the dissociated H-atom tends to interact much stronger with the surface. The same effect for water adsorbed on Ag (111), was reported earlier in Refs. 3 and 22. According to our total energy minimization study, the dissociated hydrogen atom moved to the interstitial region. The adsorbed water pattern remarkably shifts while retaining the ice-like hexagonal structure. Dissociation caused enhancement of the interactions between unpaired oxygen and hydrogen electrons. In all cases the dissociation of hydrogen leads to further substantial increase of Im(ε) function which means the increase of optical losses of Ag (111) in relevant spectral regions.
Comparative analysis of the calculated PDOS spectra of Ag (111) surface with dissociated molecules and that of bulk Ag show strong modifications of the electron density: appearance of new occupied states located at around −1.7 to −2.5 eV below Fermi energy and unoccupied states near 0.5 to 0.7 eV above the Fermi level. Consequently in dissociative configuration there are contributions to the Im(ε) function of electron transitionbetween occupied surface states and Fermi surface and between occupied and unoccupied surface states. The corresponding energy separations are between 1.5 to 3.2 eV. Contributions of the transitions between Fermi surface and unoccupied host states to the observed changes seem to be minor. Our results therefore indicate that chemical reactions between dissociated H-and O-atoms occur mostly with unpaired 5s-and 4p-surface electrons of the Ag-atoms.
Predicted strong increase of optical losses in infrared and visible range apparently dominates over that calculated in the near UV region (see Fig. 4 ). According to the PDOS spectra the d -electrons are involved in optical excitations in the region above 3.2 eV. In contrast to the infrared and visible region, the molecular adsorption in ultraviolet somewhat even reduces optical losses in the region above 4.0 eV (see Fig. 4 ) due to the discussed charge redistribution in the near-the-surface region. These findings should be interesting for the optical engineering of the UV devices. Analysis of the data presented in Figs. 2 and 4 indicates several features related to the effect of molecular adsorption on the Ag (111) surface. Physisorption only slightly modifies the Im(ε) spectra mostly due to minor changes of atomic geometries. The most substantial observed modifications of the Im(ε) spectra are caused by chemisorption: molecular dissociation and creation of new inter-atomic bonds. Adsorption of molecules substantially enhances optical losses in infrared region. Comparison with PDOS spectra indicate redistribution of the charge associated with 5s and 4p silver orbitals (see Fig. 3 ).
Results of this study clearly demonstrate strong contribution of the surface states to the optical losses on Ag (111) surface. Adsorption of organic molecules (ethanol and methanol) result in further increase of the losses on Ag (111) surface. Nature of the observed increase of the Im(ε) function of Ag (111) surface induced by molecular adsorption is substantial modifications of surface electron energy structure and dramatic enhancement of electron transitions between surface and bulk states.
IV. CONCLUSIONS
Equilibrium atomic structure, projected density of states, and imaginary part of optical dielectric function spectra of Ag (111) surface covered with water, methanol, and ethanol molecules were studied using first principle density functional theory. Strong contribution of the surface states on optical losses is observed. Substantial modifications of optical functions of metallic nano-slabs in near infrared and visible spectral regions, caused by surface states and molecular adsorption is predicted. Our results indicate increase of the imaginary part of dielectric function of the Ag (111) surface due to charge redistribution of the surface Ag-atoms accompanied by the enhancement of electron transitions probabilities between surface and bulk states.
V. ACKNOWLEDGMENTS
Authors acknowledge helpful discussions with M. A. Noginov, V. M. Shalaev, and V. P. Drachev. This work is supported by NSF PREM DRM-0611430 and NSF NCN EEC-0228390
